abbreviatioNs CEA = carotid endarterectomy; ICG = indocyanine green; IPH = intraplaque hemorrhage; NASCET = North American Symptomatic Carotid Endarterectomy Trial; NVe = early appearance of neovessels from the endothelium; NVv = late appearance of neovessels from the vasa vasorum; TOF = time of flight. submitted October 16, 2014. obJect Recent studies have demonstrated that plaque morphology can contribute to identification of patients at high risk of carotid artery atherosclerosis as well as the degree of stenosis in those with carotid atherosclerosis. Neovascularization of carotid plaques is associated with plaque vulnerability. However, the mechanism of neovascularization in intraplaque hemorrhage (IPH) and its clinical contribution remain undetermined. In this study, the authors aimed to clarify the characteristics of neovessel appearance with a focus on inwardly projecting neovessels, which are reportedly important in plaque advancement. methods Consecutive patients with moderate to severe carotid atherosclerosis who underwent carotid endarterectomy were prospectively analyzed from 2010 to 2014. The neovessel appearance was categorized into 3 groups based on intraoperative indocyanine green (ICG) videoangiography: early appearance of neovessels from the endothelium (NVe), late appearance of neovessels from the vasa vasorum (NVv), and no appearance of vessels. Each neovessel pattern was evaluated with respect to clinical, radiological, and pathological findings including IPH, neovascularization, hemosiderin spots, and inflammation. results Of 57 patients, 13 exhibited NVe, 33 exhibited NVv, and 11 exhibited no neovessels. Overall, the interobserver and intraobserver reproducibilities of neovessel appearance were substantial for ICG videoangiography (k = 0.76) and at 7 days postoperatively (k = 0.76). There were no significant differences in baseline characteristics among the 3 groups, with the exception of a higher percentage of symptomatic presentations in patients with NVe (artery-to-artery embolic infarction in 61.5% and transient ischemic attack in 23.1%). Moreover, patients with NVe exhibited larger infarctions than did those with NVv (9675.0 ± 5601.9 mm 3 vs 2306.6 ± 856.9 mm 3 , respectively; p = 0.04). Pathologically, patients with NVe had more severe IPH (47.2 ± 8.3 mm 2 vs 19.8 ± 5.2 mm 2 , respectively; p < 0.01), hemosiderin spots (0.5 ± 0.2 mm 2 vs 0.2 ± 0.1 mm 2 , respectively; p = 0.04), neovessels (0.4 ± 0.7 mm 2 vs 0.1 ± 0.4 mm 2 , respectively; p = 0.11), and inflammation (1.0 ± 1.1 mm 2 vs 0.6 ± 0.9 mm 2 , respectively; p = 0.26) around the endothelium than did patients with NVv, and all of these parameters were correlated with hyperintensity on time-of-flight MRI. However, the neovessel and inflammation differences were nonsignificant. Interestingly, inflammation was significantly correlated with neovessel formation (r = 0.43, p = 0.0008), hemosiderin spots (r = 0.62, p < 0.0001), and IPH (r = 0.349, p = 0.0097), suggesting that inflammation may be a key factor in plaque vulnerability. coNclusioNs Communication of inwardly projecting neovessels with the lumen and inflammation synergistically contribute to IPH and symptomatic presentations in patients with carotid stenosis and are more specific than the vasa vasorum. This condition could be a new therapeutic target, and regression of luminal neovessel sprouting and inflammation may help to prevent IPH development and a symptomatic presentation.
R ecent studies have focused on plaque vulnerability as well as the degree of stenosis in patients with atherosclerotic carotid artery stenosis. 2, 3 Neovascularization has been proposed as an important factor in plaque vulnerability based on pathological analysis 25 and experimental animal models, 17 but in vivo evaluation of the degree of neovascularization within plaques has been difficult. Alternatively, some reports have evaluated contrast enhancement of plaques with ultrasonography, MRI, and CT angiography. [7] [8] [9] [10] [11] [12] 16 Therefore, the dynamics of neovascularization and its clinical contribution to the development of intraplaque hemorrhage (IPH) and symptomatic presentation remain unclear. The location of neovessels has also been discussed with respect to whether the vessels are vasa vasorum derived or luminal (endothelial) derived. 13, 15, 18 In this study, we first applied indocyanine green (ICG) videoangiography for the dynamic assessment of neovascularization of plaques and aimed to: 1) determine whether the ICG videoangiography-based neovessel appearance exhibits specific characteristics associated with the clinical presentation, and 2) assess the hypothesis that inwardly projecting (luminal) neovascularization is clinically associated with a high risk of IPH, assuming an advanced stage of atherosclerosis.
methods study population
From April 2010 to April 2014, consecutive patients with more than 50% carotid stenosis on multidetector CT angiography (according to the North American Symptomatic Carotid Endarterectomy Trial [NASCET] ) 19 who underwent carotid endarterectomy (CEA) were prospectively analyzed in this study. The patients were defined as symptomatic because they had experienced an anterior circulation stroke or transient ischemic attack within 2 weeks of radiological analysis. The diagnosis of stroke was based on the clinical presentation at admission and positive findings on diffusion-weighted MRI. The patients were defined as asymptomatic because they had no clinical symptoms and were found to have more than 80% carotid stenosis during screening for atherosclerosis. All patients underwent CEA based on the NASCET and American Heart Association/ American Stroke Association guidelines, 5, 11 and surgical specimens were histologically analyzed for all patients. This study was approved by our institutional review board, and all patients gave written informed consent. CEA was performed in all symptomatic patients within 2 months after symptom onset.
radiological analysis of plaques and infarction
In all patients, carotid atherosclerotic plaques were imaged with a 3.0-T MRI machine (Signa, GE Medical Systems) using a phased-array coil with a diameter of 3 inches. Magnetic resonance imaging examinations were performed within 2 weeks of the surgical procedure. After an initial imaging survey to determine the position of the carotid plaque, the following MRI sequences were used: 1) for T1-weighted imaging, 2D fast spin echo, TR/ TE 800/11 msec, and echo train length 4; and 2) for 2D time of flight (TOF), TR/TE 50/4.2 msec, flip angle 45°, FOV 13 cm, matrix size 256 × 128, and slice thickness 3.0 mm. Three axial slices were selected (the most stenotic site, 3.0 mm proximal to the stenosis, and 3.0 mm distal to the stenosis), and the ratio of the mean signal intensity in the axial plaque area to the ipsilateral sternocleidomastoid muscle was quantified.
9 Parameters of axial diffusion-weighted imaging were as follows: TR/TE 10,000/82 msec, 3 motion-probing gradient directions with a b value of 1000 s/mm 2 , matrix size 128 × 192, FOV 27 cm, and slice thickness 5 mm with a 1-mm gap. The infarct volume was measured on all axial images using a manual tracing method and automatically calculated with Synapse software (version 3.2.1, Fujifilm Medical Systems).
intraoperative icg videoangiography
The ICG videoangiography method was approved for clinical use by the ethics committee of Nagasaki University Hospital, and all patients gave written informed consent. ICG angiography was performed using the OPMI Pentero surgical microscope with integrated ICG technology (Carl Zeiss Co.). After exposing the carotid bifurcation, both intraarterial and intravenous ICG angiography examinations were separately performed to analyze the neovessel appearance (Fig. 1) . For intraarterial ICG injection, a 21-gauge needle was introduced into the common carotid artery, and 0.05 mg of ICG (Daiichi Pharmaceutical) in 2 ml of normal saline was injected through the needle. With the intraarterial method, neovessels derived from the endothelial lumen were evaluated as NVe, which was defined as the early appearance and washout of the ICG within the endothelial neovessel. For intravenous ICG injection, 12.5 mg of ICG in 5 ml of normal saline was injected into the antecubital vein, and neovessels derived from the vasa vasorum on the adventitia were evaluated as NVv, which was defined as the delayed appearance of the ICG within the vasa vasorum 10 seconds after the appearance of the ICG in the carotid lumen. The appearance of no neovessels using both methods was categorized as "none." Intraarterial ICG allows for easier evaluation of NVe than NVv because of the high concentration and early washout of ICG. Conversely, intravenous ICG allows for easier evaluation of NVv because systemic (intravenous) ICG injection enables longer evaluation of the vessels.
pathological procedure
Whole specimens were formalin fixed, sectioned in 3.0-mm transverse slices, decalcified, and embedded in paraffin. Next, 5.0-mm sections, including the most stenotic slice, were subjected to histopathological analysis of the plaque phenotype after staining with H & E, Azan, Berlin blue, and CD31. The areas of plaques showing IPH, hemosiderin deposits, neovessels, or inflammation were separately evaluated in the axial slices. The total IPH areas were measured on sections stained with H & E and Azan. For observation of the details of the luminal side of the plaque, the areas exhibiting hemosiderin deposits, neovessels, and inflammation were evaluated with Berlin blue, CD31, and H & E, respectively. Inflammatory cells were identified by the presence of dark nuclear staining of macrophage-like cells observed with H & E. Quantification of each area was performed using ImageJ software (version 1.45s, NIH).
imaging, pathological review, and data analysis
The ICG and MR images were separately analyzed by 2 experienced readers (N.H. and M.M.), and decisions were made by consensus. Both imaging readers were blinded to the radiological, histopathological, and clinical characteristics. The pathological slides were also blindly evaluated by 1 experienced reader (N.H.). To establish the reproducibility of our qualitative assessment, 2 different readers (N.H. and Y.M.) and 1 reader (N.H.) determined the interobserver and intraobserver agreement, respectively, with application of Cohen's k by grading the ICG findings at an interval of more than 7 days. Cohen's k was evaluated using an established grading of agreement: 0. 
statistical analysis
Data were tested for normality of distribution and equal standard deviations using GraphPad InStat (version 3.10, GraphPad Software) to determine whether parametric or nonparametric assumptions should be used for each statistical method. Comparisons between groups were performed using the Kruskal-Wallis test with Dunn's post hoc test for continuous variables and the chi-square test for categorical variables. Unless stated otherwise, differences were considered statistically significant at p < 0.05.
results patient characteristics
The characteristics of the study population are listed in Table 1 . All patients who exhibited NVe also exhibited NVv and were included in the NVe group. Of the 57 patients, 13 exhibited NVe, 33 exhibited NVv, and 11 exhibited no neovessels based on intraoperative ICG video- angiography. Overall, the interobserver and intraobserver reproducibilities of neovessel appearance were substantial for ICG (k = 0.76) and at 7 days postoperatively (k = 0.76). All patients routinely received antithrombotic agents (aspirin, clopidogrel, or both) after the diagnosis of carotid stenosis and continued these agents as perioperative management. For patients who received both agents, only aspirin was continued from 7 days preoperatively. There were no significant differences among the groups in terms of cardiovascular risk factors, drug use, C-reactive protein levels, lipid parameters, radiological findings, or clinical presentations, with the exception of a higher percentage of symptomatic presentations in the NVe group (artery-toartery embolic infarction in 61.5% and transient ischemic attack in 23.1%). The interval from diagnosis to surgery ranged from 28 to 54 days (median 39 days) in symptomatic patients and from 18 to 56 days (median 37 days) in asymptomatic patients. There was no significant difference in this interval among the groups. Interestingly, patients with NVe had significantly larger infarctions on diffusion-weighted MRI than did patients with NVv (9675.0 ± 5601.9 mm 3 vs 2306.6 ± 856.9 mm 3 , respectively; p = 0.04; Fig. 2 ).
characteristics of plaque components with different Neovessel appearances
There was a significant difference in plaque components among the various neovessel appearances (Fig. 3) . Patients with NVe exhibited larger areas of IPH (47.2 ± 8.3 mm 2 ) than did patients with NVv (19.8 ± 5.2 mm 2 , p < 0.01) and patients without neovessels (7.4 ± 3.6 mm 2 , p < 0.01; Fig. 3A) . Moreover, the hemosiderin deposits around the lumen were larger in patients with NVe (0.5 ± 0.2 mm 2 ) than in patients with NVv (0.2 ± 0.1 mm 2 , p < 0.05; Fig. 3B ). The areas of neovessels or inflammation around the lumen were also larger in patients with NVe, but the difference did not reach statistical significance (0.4 ± 0.7 vs 0.1 ± 0.4 mm 2 , p = 0.11, and 1.0 ± 1.1 vs 0.6 ± 0.9 mm 2 , p = 0.26, respectively; Fig. 3C and D) . MR plaque imaging showed a strong correlation between plaque intensity on TOF MRI and IPH (r = 0.61, p < 0.0001), indicating that TOF MRI findings can serve as markers of IPH (data not shown). Additionally, a moderate correlation was observed between TOF and neovessels (r = 0.44, p = 0.001) and a weak correlation was observed between TOF and inflammation (r = 0.32, p = 0.02).
Correlation Between Inflammation and IPH
Finally, we analyzed the role of inflammation in the development of IPH. There was a moderate correlation between inflammation and neovessels (r = 0.43, p = 0.0008; Fig. 4A ) and a strong correlation between inflammation and hemosiderin spots (r = 0.62, p < 0.0001; Fig. 4B ). These findings indicate the presence of an interaction between inflammation and neovessel formation leading to vessel integrity and old hemorrhage (hemosiderin) around the lumen, which could contribute to vessel vulnerability and IPH. Inflammation (r = 0.349, p = 0.0097) or the neovessels themselves (r = 0.30, p = 0.02) were also correlated with IPH, but the correlation was weak (Fig. 4C and  D) . This finding is similar to that of the TOF MRI analysis. These results indicate that inflammation and neovessel formation play a synergistic and important role in vessel breakdown. Representative cases are shown in Fig. 5 .
discussion
Neovascularization has been proposed as one of the critical factors of plaque vulnerability in patients with carotid stenosis and may contribute to the development of IPH. 4, 15, 17, 25, 26 Initially, adventitial enhancement was proposed as a marker of neovascularization with ultrasound, CT angiography, and MRI, 1, 7, 12, 23 and the vasa vasorum on the adventitia is believed to be an appropriate target. However, progression of the adventitial vasa vasorum into the intima is reportedly a critical factor for both IPH development and plaque enlargement according to histological analysis; this has not yet been a focus of imaging analysis. 1, 6, 15 Some reports have alternatively evaluated contrast enhancement of the plaque itself with various imaging modalities, and contrast enhancement is a reported marker of IPH. [9] [10] 16 Nevertheless, some authors argue that neovascularization alone cannot be the only factor involved in plaque enhancement because some plaques with high enhancement do not show neovascularization, and the pathophysiological and clinical significance of plaque enhancement remain undetermined. 20, 21 Therefore, dynamic assessment of neovessels has great clinical significance because it may confirm the relationship between advancement of the neovessels and the patient's clinical presentation.
In this study, we performed dynamic assessment of neovascularization with ICG videoangiography and provided evidence that communication of inwardly projecting neovessels with the lumen is associated with a high rate of symptomatic presentations and with a larger stroke size following artery-to-artery embolism. Contrast-enhanced ultrasound imaging has provided similar findings, as contrast media has been observed to flow from the lumen into the plaque, 23 supporting our findings. Moreover, we showed that the inflammatory response around the lumen was correlated with these neovessels, which produce continuing minor, chronic hemorrhage near the lumen. We believe that such luminal (endothelial)-connected inwardly projecting neovessels are more specific for IPH than is the vasa vasorum. Plaque inflammation was previously reported to be associated with the highest risk of stroke recurrence, 14 but the interaction between neovascularization and inflammation remains undetermined. Truijman et al. 25 reported that 18 fluorine-fluorodeoxyglucose uptake is weakly associated with increased vasa vasorum on the plaque and concluded that inflammation-and vasa vasorum-based neovascularization are not interchangeable.
This also supports our hypothesis that vasa vasorum-focused neovascularization is not specific for IPH and that inwardly projecting neovascularization and inflammation may synergistically contribute to IPH. If this hypothesis is fully established, a treatment strategy focused on antiinflammation might be beneficial with respect to prevention of IPH.
Generally, neovascularization is believed to involve the growth and extension of adventitial blood vessels (vasa vasorum) into the intima in response to tissue hypoxia, and this occurs when the intima thickens beyond the diffusion limits of oxygen and nutrients. 1, 6 Increased levels of hypoxia-inducible factor a, a transcription factor that is upregulated under hypoxic conditions and that promotes hypoxia-dependent neovascularization, have been found in human atherosclerotic plaques. 22 Michel et al. 15 recently provided new evidence supporting the progres- sion of neovascularization from the adventitia toward the plaque across the media, initiation of neovascularization by lipid mediators generated by the plaque on the luminal side, and outward connection to the medial smooth muscle cells. These observations were based on pathological analysis, and we further confirmed that luminal neovessel sprouting and communication with the lumen is correlated with artery-to-artery embolic stroke under conditions of inflammation. Nevertheless, how luminal neovessels communicate with the vessel lumen remains unclear. One pathological analysis showed the orifice of the neovessels on the luminal surface. 13 Conversely, another pathological analysis showed that the luminal interface contained yellow fatty streaks and tissue blood deposits without orifices of the neovessels. 15 These supportive findings indicate that direct or indirect communication between the lumen and neovessels could contribute to IPH accompanied by an inflammatory response. Taken together, neovessel sprouting with inflammation and connection with the lumen could represent an advanced stage of neovascularization associated with plaque vulnerability and IPH (Fig. 6) .
Several limitations of this study should be addressed. First, analysis of the neovessel pattern based on ICG videoangiography was not quantitative, and the results may have been affected by the plaque thickness and calcified adventitia in some cases. Second, the number of patients in this study was relatively small, making it difficult to obtain substantial power for our hypothesis, although different characteristics were observed depending on the appearance of the neovessels with dynamic assessment using ICG. Third, although cerebral events distal to an atherosclerotic carotid stenosis are believed to be mostly embolic and to originate from the unstable plaque, they may also be due to hemodynamic impairment in cases of severe carotid stenosis. 24 This study may have included some patients with symptomatic carotid stenosis mainly due to hemodynamic impairment that could not be clearly identified, although there is no evidence regarding the degree to which hemodynamic impairment contributes to cerebral infarction. Further radiological studies are required to establish the correlation between the inwardly projecting neovessel appearance and a symptomatic presentation. Nevertheless, this condition could be a new therapeutic target, and regression of luminal neovessel sprouting and inflammation may help to prevent IPH development and a symptomatic presentation.
conclusions
This study provides evidence that communication of inwardly projecting neovessels with the lumen and inflammation are synergistically associated with a high risk of a symptomatic presentation via IPH beyond progression of the atheroma.
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